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Series editor: P S Burge Analysis and interpretation of inorganic mineral particles in "lung" tissues Allen R Gibbs, Frederick D Pooley In his foreword to H Spencer's Pathology of the Lung Dr Liebow wrote: "A man's medical history and the traces ofhis habits and his trade are often inscribed upon the lungs -for him who can read."' This is particularly pertinent to the mineral content of the lung and its associated pathology. If we had sufficiently sophisticated methods of analysis we would be able to determine his life's journeys, occupations, and customs. In part we can do this, since for many occupational lung diseases it is the retained mineral particles that are important in pathogenesis. Mineral analysis of the lung tissues for certain types of particle will give a more accurate reflection of the exposure than the occupational history. It is not difficult to see why. The mineral exposures relevant to a particular pathology are usually sustained several decades before the clinical manifestations of the disease -for example, the latency of asbestos related mesothelioma averages 30-40 years. The important exposures are to the airborne particles with aerodynamic diameters of less than 5 gm and the relevant particles may be a small proportion of a much greater mixture of particles. An individual will make a very poor assessment of this and it is only in recent years that airborne sampling has provided detailed counts of the relevant particles.
Studies of airborne dust and particle retention in the lungs have been conducted since the beginning of this century using the optical microscope."4 These techniques were severely limited, however, because many of the important particles were below the optical resolution of the microscopes and also many minerals cannot be distinguished by optical properties alone. Chemical methods were also used to study the composition of dust extracted from tissues digested by strong alkalis and/or acids, but most gave only elemental valuesinformation which is inadequate for mineral identification. In the 1950s the availability of x ray diffractometers and the development of quantitative techniques resulted in a number of publications pertaining to quartz in lung dust extracts, particularly from coal workers.i However, it should be kept in mind that there were considerable technical difficulties related to preparation and extraction of the dust from the tissues and mineralogical characterisation with all these early studies.9 A further limitation for wet chemical and x ray diffraction techniques is that they require a large quantity of dust for analysis, sometimes necessitating the use of a whole lung.
In the past two decades the great improvement in analytical equipment and the use of electron microscopy has enabled a much more accurate and meaningful analysis of the inorganic mineral content of the lung. The use of multiple techniques has provided useful information on non-fibrous silicate pneumoconioses,10°' silicosis," and asbestos-related lung disorders." '3-i Before one embarks on the mineral analysis of lung tissue to assess the role of a particular mineral(s) in a pathological reaction, there are a number of factors to take into consideration (table 1) .
Sampling and tissue availability Sampling will depend to a certain extent on the tissue samples available. The ideal is to have a lung or sagittal slice of lung from which multiple samples can be taken. In our laboratory we take samples from the apical upper, apical lower, and basal segments of the lung. These samples are combined and the analysis carried out on the pooled sample. The tissue collected for analysis (and assessment of fibrosis) should not contain tumour since mineral particles are scarce in tumours and analysis of tumorous tissue will result in a false low count. Several investigators have shown that there is variation of results from the same lung when multiple separate small samples are analysed because there is an uneven distribution of fibres and crocidolite, 7 0 for tremolite, 3-8 for There are relatively inexpensive simple methods for counting fibres and/or ferruginous bodies of lung digests by light microscopical methods.'2 A common mistake is to state that these are asbestos fibres and bodies, whereas the techniques are unable to give a precise characterisation of the types of fibre present. In many situations -for example, in insulation workers known to have been heavily exposed to asbestos several decades before -it is reasonable to assume that the fibres and ferruginous bodies are asbestos. However, in some cases, particularly where there are mixed exposures to minerals -for example, in foundry workers -many of the fibres and bodies may not be asbestos. An investigation by transmission electron microscopy of bronchoalveolar lavage samples from five foundry workers showed that some of the transparent cored ferruginous bodies diagnosed as asbestos bodies by light microscopy were not composed of asbestos but of fibre glass, sheet silicates, and carbon." A number of minerals which can form ferruginous bodies may be mistaken for asbestos including carbon, iron oxide, rutile, aluminium oxide, chromium oxide, mullite, kaolin, mica, talc, glass, and erionite.'4 '5 These differ in appearance from asbestos bodies by having broad yellow or black cores. However, when there are several types present it will be difficult to obtain an accurate impression of how many are true asbestos bodies by light microscopy alone. Electron microscopic analytical techniques are required to identify these and should also be used when there is doubt about the occupational history. Those procedures which count only "asbestos" bodies have very limited usefulness since it is the number ofuncoated fibres present which is important in the pathogenesis of disease. There is considerable variation in the ratio of uncoated to coated fibres which depends on the type of fibre and numbers present. A comparative study of light to electron microscopic counts has shown a disproportionately high ratio of coated to uncoated fibres when fibre counts are low,'6 so one cannot easily extrapolate from counts of asbestos bodies to numbers of uncoated fibres.
Investigators have used a number of different methods for counting fibres, some have preferred to use the scanning electron microscope and others the transmission electron microscope. Providing the microscopes are fitted with an energy dispersive x ray spectrometer, the chemistries of the fibres can be obtained and thus identified. The transmission electron microscope has a number of advantages: (1) it can be operated at high magnifications which resolves fine particles. Low magnifications of less than x 5000 will not detect fibres thinner than 0-2 gim and, since a large proportion of crocidolite and chrysotile fibres are below this, they may not be detected in cases where there are significantly increased amounts of these fibres; (2) a fibre can be analysed at multiple points along its length which gives an assessment ofhomogeneity; and (3) selected area diffraction can be performed at various points on the fibre providing crystallographic information about the mineral which, combined with the chemical information obtained from the energy dispersive x ray spectometer, will give a precise identification. 29 There has also been variation in the counting and expression of results. Some investigators only count fibres of more than a certain length whereas others count all. It is our practice to count and type 100-200 fibres of all sizes per investigation. Investigators should not rely on the results obtained by typing tens of fibres which can be unrepresentative. Although there is evidence to suggest that it is the long fibres of >5 ,um in length which are the most important in causing asbestos-related disease, it is not conclusive and the shorter fibres may also play some part.37 It is also useful to have this information to compare with other mineral particle associated diseases. It could be argued that the number of fibres of <5 ,um, >5gjm, and >8 gm in length should be separately recorded. The counts of fibres of more than 5 gm in length would compare more easily with regulatory fibres.
The number of asbestos bodies, uncoated fibres, or total fibres may be related to a mass of wet or dried lung (usually per g), or volume of lung (usually per ml). We believe that the most appropriate way to express the results is per g of dried lung tissue. The mass of wet lung will depend on the amount of congestion and oedema and the volume will depend on the degree of insufflation by the laboratory which are highly variable factors. Some investigators do not measure the wet to dry weight for each sample but multiply the result per wet weight of tissue by a factor of 10 to get the number per dry weight. This can result in considerable inaccuracies. The wet to dry ratio can vary from 6 to 14 and therefore it is best to determine the wet to dry ratio for each case.
We also prefer to give the total number of the relevant fibres rather than bodies. Counts of asbestos bodies do not show a consistent relationship to fibres since ferruginous body formation varies according to a number of factors including fibre type, length, the number, and the quantity of iron within the lung. For example, a higher proportion of a given number of amosite fibres will form asbestos bodies than the equivalent number of crocidolite fibres while a very small proportion (0-14% on average) of chrysotile fibres form asbestos bodies. 36 Churg and colleagues have analysed 600 asbestos bodies from 82 subjects who were not asbestos workers and found that 98% had an amphibole core and 2% a chrysotile asbestos core. 38 It has therefore been assumed that ferruginous bodies with a thin transparent fibrous core are nearly always asbestos. This was probably true until recently but we are now seeing similar bodies which have non-asbestos cores on analysis. The situation may therefore be changing with the decreased use of asbestos and the increasing use of substitute materials. Table 2 lists some of the problems of asbestosrelated disease where mineral analysis may be helpful. It is often forgotten that fibres other than asbestos are present in lung tissues from nonindustrially and industrially exposed individuals including mullite, kaolin, mica, talc, silica, and rutile. Often non-asbestos fibres account for the greater proportion of the fibres.
There has been little research on the effects of these fibres on the lung, either alone or in combination with asbestos fibres.
NON-FIBROUS MINERALS
Detection, counting, and identification of fibrous dust particles in biological specimens has in the past 15 years represented the majority of investigations concerning minerals in the lungs. This is understandable considering the hysterical publicity given to information dealing with exposure to asbestos dust and its associated diseases, but it is also related to the fact that asbestos fibres are the easiest of the inorganic mineral particles to detect, count, and identify within the lungs. Numerous publications have been used for reference to the asbestos content of lung tissues but many of these have been flawed by the ill considered choice of analytical techniques used in the performance of their investigations.
In general, non-fibrous particles have few morphological features which can be used to distinguish them with any certainty. In situations where exposures to specific dusts or fumes have been recorded, particles may be identified by their shape. Minerals such as talc, the micas, kaolin, and other clays can be identified by their plate-like translucent appearance. Kaolin particles can often be distinguished by their hexagonal particle shape, but this is not a feature of all samples. Fume particles also have a distinctive appearance, being characterised by very small round particles occurring as aggregates, often with a chainlike appearance (fig 1) . These physical features cannot normally be recognised by light microscopic techniques but are readily visible with either transmission or scanning electron microscopy.
Quantification of non-fibrous particles in lung tissue on a particle number basis using their morphology is not of any scientific use. Morphological differences do not identify part-'ID icles accurately enough to allow particle counts to be used as a mass estimate of material. Quantification on a particle number basis is confined historically to asbestos fibre because dust particles with dimensions similar to the commercial asbestos minerals are extremely rare. It is still necessary in the case of asbestos fibres to analyse them individually to establish their identity so that accurate estimates of individual asbestos minerals can be obtained.
Non Figure 2 Example of the analysis of the inorganic fraction of the dust found in a coal miner's lung by transmission electron microscopy and x ray diffractometry.
An example of the manner in which data obtained by analytical electron microscopy, x ray diffractometry, and ICP-AES can be combined to produce an overall analysis of dust extract is given in fig 2. It shows the complex nature of the retained mineral content in the lung of a coal worker which can only be characterised by the use of multiple techniques.
These procedures have been relatively underused but they can and have provided useful information in slate workers' pneumoconiosis, china clay workers' pneumoconiosis, talc pneumoconiosis, and exposures to metals.
Interpretation
Correct interpretation of results from a single case or series of cases requires comparison with values obtained from series of controls performed with the same techniques and procedures. In practice this means controls examined by the same laboratory. Ideal studies would include epidemiological and hygiene estimates of exposure, systematic sampling of lung tissues for both histopathological and mineralogical evaluation, and, where possible, controls should include subjects with no known exposure and subjects with exposure to the mineral of interest but without related disease.
In this way necroscopic and case referral bias will be reduced although not completely eliminated.
Unfortunately there are no studies which have compared well characterised airborne fibrous or non-fibrous particle measurements with the mineral particle burden of the lung. Deposition of particles is critically dependent on shape and size distribution and this historical exposure information is lacking. The mineral particle burden of the lung is a reflection of this, provided the fibres are durable in lung tissues, but it does not indicate the number cleared and cannot, for example, provide any reliable information concerning past exposure to chrysotile.39 Nevertheless, although there are limitations to the interpretation, the mineral particle analysis of lung tissue can provide extremely useful information with regard to assessment of severity and type of exposures.
Knowledge of dose responses is also necessary. There is a common misconception that the presence of asbestos in the lungs of a subject with a lung cancer implies that it had a role in the causation of the tumour, whereas the main body of evidence indicates that the risk of lung cancer only increases in those with substantial exposure. For example, a level of 2 million fibres of crocidolite per g of dry lung tissue in our laboratory would be regarded as causative of a mesothelioma but not a lung cancer. We have found that severe clinical asbestosis (with symptoms and radiological changes) is usually associated with combined amphibole levels of more than 1000 million fibres per g dry lung tissue.
Asbestos-related diseases ANALYSIS OF LUNG TISSUES
It should be realised that the lungs of everyone in the population contain some asbestos fibres and bodies40 which have come from both environmental and industrial sources. It is interesting to note that chrysotile fibres have been found in ten thousand year old ice samples from Antarctica.4' Mineral analysis of lung tissues has provided a considerable amount of useful information in clarifying the roles of the various fibre types and assessing dose responses (table 3) . It has shown a gradient for various asbestos-related diseases: highest in asbestosis and lung cancer, lower for mesothelioma and diffuse pleural fibrosis, and lowest for pleural plaques.404247 Non-exposed controls uncommonly show combined amphibole levels of more than two million fibres per g whereas most cases of mesothelioma and asbestosrelated diffuse pleural fibrosis exceed this but frequently do not reach the levels associated wth asbestosis which, for the earliest microscopic grade, exceeds 50 million amphibole fibres/g. Studies have shown a correlation between amphibole asbestos fibre burden and (a) extent of occupational exposure to asbestos,44 An example of how these techniques can clarify varying pathological responses within a particular group of workers comes from a study ofthe Cornish china clay industry. In this group of workers there were claims that exposure to quartz rather than kaolin was responsible for the pneumoconiosis. Necroscopic examination of the lungs from a series of workers from the china clay industry showed two basic histopathological patterns. One was characterised by mixed nodular and diffuse interstitial patterns of fibrosis and the other by diffuse interstitial fibrosis only. In the first group mineral analysis of the lung tissues showed significant amounts of silica as well as kaolin whereas in the second group kaolin was the predominant mineral found in the lung tissues with little or no silica." Careful investigation of the occupational histories revealed that the group with substantial amounts of silica had been exposed to china stone dust as well as china clay whereas the group without silica had only been exposed to china clay dust.
Metals
Although uncommon, various exposures to metals have been associated with a variety of lung diseases. In other cases such as lung cancers the interpretation would be more problematic because of confounding factors such as smoking and radon exposure. In these cases the analyses should be used to confirm the putative exposure rather than necessarily indicating causation. We have recently examined the lung tissues ofthree subjects with lung cancer who had been heavy smokers and who had worked in the chromate production industry for 20-25 years; the percentages of chromium particles varied from 45% to 66%. These results indicated substantial exposure to chromium compounds. However, we do not have a series of exposed controls without lung cancer for comparison and therefore we do not know whether levels would necessarily be higher in the chromium induced lung cancers. Epidemiological evidence has suggested that exposures to chromate compounds were higher in the lung cancer group.57 A necroscopic study of Norwegian nickel refinery workers demonstrated higher levels of nickel and its compounds within the lung tissues of exposed workers than in nonexposed subjects, but no significant difference was seen in the exposed group between those with and without lung cancer.58
Conclusion
Mineral analysis of tissue specimens has provided very useful information in pathological conditions associated with occupational exposures to mineral particles, particularly when combined with epidemiological information.
Most of the data have been related to exposures to fibrous particles such as asbestos. More investigations of this nature are required in diseases associated with exposure to non-fibrous particles. In the future it is likely that these types of investigation will be extended into the effects of pollutants.
